The effect of moderate whole-body hypother mia (30°C) on transient middle cerebral artery (MCA) oc clusion in the rat was evaluated using diffusion-and per fusion-weighted magnetic resonance imaging. Two hours of transient MCA occlusion was induced by intracarotid insertion of a nylon filament under normothermic (n = 14) and hypothermic (n = 7) conditions. Diffusion-and perfusion-weighted imaging were performed before, dur ing, and after focal ischemia from 30 min up to 7 days. In hypothermic animals, scattered neuronal necrosis was lo calized to select areas of the caudate putamen and the parietal and insular cortex. In contrast, the normothermic ischemic animals exhibited pan-necrosis and infarct en compassing the damaged area. The diffusion and perfu sion data measured from caudate putamen indicate that hypothermia causes a significant reduction in the appar-
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Diffusion-weighted magnetic resonance imaging (MRI) has recently shown promise in the early di agnosis and recognition of stroke (Moseley et al., 1990; Knight et al., 1991; Mintorovitch et al. , 1991; Minematsu et al., 1992a,b; Helpern et al., 1993) . The contrast in diffusion-weighted imaging (DWI) is based on differences in the diffusion coefficient of biological water in different environments. In isch emia, depletion of energy metabolism (Moseley et al., 1990; Busza et al., 1992) , changes in cell mem brane permeability (Helpern et al., 1992) , and intra cellular water accumulation (Benveniste et al. , 1992) have all been implicated as mechanisms un derlying changes in the apparent diffusion coeffi cient of water (ADCw)'
ADCw is sensitive to temperature, and tempera ture may alter membrane permeability, ion homeo stasis, and energy metabolism (Giese, 1973; Kran tis, 1983; LeBihan et al., 1989b; LeBihan, 1991) .
Thus, DWI may provide insight into mechanisms by which hypothermia protects the brain. To our knowledge, no investigation has been performed on the effect of hypothermia on normal or on ischemic tissue using DWI in vivo.
Reduced CBF can affect ADCw and energy me tabolism (Moseley et aI., 1990; Busza et aI., 1991 Busza et aI., , 1992 . Cortical laser Doppler measurements in a rat focal ischemia model indicate that temperature per turbations modulate CBF (Morikawa et aI., 1992) . However, the effects of hypothermia on the tempo ral evolution of CBF changes in the core of the lesion (striatum) and subsequent changes in ADCw after middle cerebral artery (MCA) occlusion have not been investigated.
In the present study, we investigated the effect of hypothermia on the ADCw and CBF in rat brain during and after transient focal cerebral ischemia.
MATERIALS AND METHODS
Twenty-one male Wistar rats weighing 270--310 g were anesthetized using face mask inhalation of 1.5% halo thane in a gas mixture of 69% N20 and 30% 02' Rectal temperature was maintained at 37°C using a feedback heating pad. A catheter was inserted into one femoral artery for monitoring of arterial blood pressure and blood gases. Animals were divided into two groups: (a) Normo thermic ischemia (n = 14), in which 2-h ischemia was induced under 37°C body temperature. We have previ ously reported the ADCw values of these animals (Jiang et aI., 1993) . (b) Hypothermic ischemia (n = 7), in which whole-body 30°C hypothermia was induced 1 h before ischemia and maintained for 2 h during ischemia and 3 h after withdrawal of the suture. We used a modified in traluminal suture MCA occlusion model (Koizumi et aI., 1986; Zea Longa et aI., 1989; Chen et aI., 1992) . Briefly, an intraluminal suture was introduced into the extracra nial internal carotid artery (ICA) to block blood flow into the MCA. Initially, under the surgical microscope, the right common carotid artery (CCA), external carotid ar tery (ECA), and ICA were isolated via a midline incision at the neck. The distal end of the ECA was ligated, and the origin of the ECA was loosely tied with 5-0 silk su ture. The CCA and ICA were temporarily clamped using microsurgical clips. A 4-0 surgical nylon filament with its tip rounded by heating near a flame was introduced into the lumen of the ECA through a puncture. The silk suture around the ECA stump was tightened around the intralu minal nylon filament to prevent bleeding, and the micro surgical clips were removed. A length between 18.5 and 19.5 mm of nylon filament, determined according to the animal's body weight, was inserted into the lumen of the ECA. The incision was temporarily closed using silk su ture. The rat was then placed in a Plexiglas holder for preischemia normothermic (37°C) and hypothermic (30°C) nuclear magnetic resonance (NMR) measurements (diffusion and perfusion measurements). The 30°C whole body hypothermia was achieved by spraying alcohol on the skin and fanning room air toward the animal's body. After NMR measurements, the holder was removed from the magnet and the suture was gently advanced from the ECA into the lumen of the ICA until the suture blocked the origin of the MCA. Immediately after induction of ischemia, the rat was repositioned in the magnet and NMR measurements were continuously performed for 5 h. Two hours after onset of ischemia, reperfusion was instituted by withdrawing the intravascular filament until the distal tip felt resistance at the origin of the ECA. Withdrawal of the suture was performed remotely with out removing the animal from the magnet. NMR measure ments were performed on all animals at 1, 2, 3, 4, and 7 days after withdrawal of the suture. Blood gases for de termination of pH, Pco2, and P02 were measured 3 h after withdrawal of the suture.
NMR measurements were performed with a 7-T, 20em-bore superconducting magnet (Magnex Scientific, Abingdon, U.K.) interfaced to a Vivo spec console (Ot suka Electronics, Fort Collins, CO, U.S.A.). A 12-cm bore gradient coil insert, capable of producing magnetic field gradients up to ±20 G/cm, was used. Images were produced with a 6-cm field of view, 2-mm slice thickness, single slice, and reconstructed using either 128 x 128 or 64 x 64 matrix (perfusion studies). The radiofrequency coil was constructed from two 5-cm-diameter single-turn surface coils wired in parallel and rigidly fixed in a pseudo-Helmholtz configuration. Stereotaxic ear bars were used to minimize movement during the imaging pro cedure. Animals were anesthetized, using a face mask, with a gas mixture of N20 (69%), O2 (30%), and halothane (0.75-1%). Rectal temperature was maintained using a feedback-controlled water bath. A modified FLASH (Frahm et aI., 1986) imaging sequence was employed for reproducible positioning of the animal in the magnet at each DWI session (Knight et aI., 1991) .
The lH ADCw was measured using the method de scribed by LeBihan et aL (1986) . A standard two dimensional FT spin echo imaging experiment was mod ified to include two 13-ms diffusion-weighting gradient pulses on either side of the refocusing 180° radiofre quency pulse. An echo time value of 40 ms was used with a repetition time of 1.5 s. The diffusion-weighting gradient was increased, in a nonlinear manner, from 3.36 to -10.07 G/cm to obtain a series of seven images with gra dient b values of 0, 200, 400, 600, 800, 1,100, and 1,800 s/mm2• The large b values (b � 200) eliminate perfusion effects (LeBihan et aI., 1989a). The total time required to obtain seven images was 22.4 min (single signal average). Water and acetone phantoms were used to confirm the accuracy of the diffusion measurement by comparison with published values. Images were analyzed using a least-squares fit to a straight-line plot of the natural log arithm of normalized image intensity versus the gradient b value from a region of interest (ROn in caudate puta men of brain tissue (1 x 3 mm; Fig. 1 ) on the NMR images.
Perfusion measurements were performed prior. to each diffusion measurement and before, during, and after isch emia in seven of 14 animals in the normothermic group and in six of seven hypothermic animals. Perfusion mea surements were performed using a recently developed lH-MRI technique as described by Williams et al. (1992) . This method to measure CBF is based on the selective inversion of blood water protons at the level of the carotid arteries prior to lH-MRI measurement in the brain. Two images were obtained for perfusion measurement with the following parameters: repetition time of 2 s, echo time of 30 ms, 64 x 64 image matrix, 2-mm slice thickness, and 6-cm field of view; one with the inversion slice at the level of the carotid artery input, and one with the inversion slice above the head (outside the animal), equidistant (in frequency) from the CBP brain image slice of interest. The total time required for each measurement was 8.5 min (two signal averages). The duration of the inversion pulse was 2 s at a power level of 0.5 W. CBP (j) can be calculated according to the following equation (Williams et aI., 1992) :
where Meont and Mnv are the control and inversion image intensities, respectively; A is blood-brain partition coef ficient, and T\ app is apparent T1 relaxation time constant of brain. Values of 0.9 g/ml for A and 1.7 for TI app (Williams et aI., 1992) were used for CBP calculation.
Relative CBP values (%CBP) were obtained by express ing the CBP reading as percentage of the preocciusion values, and zero flow was calibrated by using a dead an imal. CBP was measured from the identical ROI from which ADCw values were obtained.
After the final NMR measurement, animals were anes thetized with ketamine (44 mg/kg) and xylazine (13 mg/kg) and transcardially perfused with heparinized saline and 10% neutral buffered formalin. The head was immersed in formalin solution for 1 h, after which the brain was re moved. The brain tissue was cut into 2-mm-thick coronal blocks, for a total of seven blocks per animal, using a rat brain matrix. The brain tissue was processed and embed ded, and 6-f.Lm-thick paraffin sections from each block were cut and stained with hematoxylin and eosin (H&E) for evaluation of ischemic cell damage. A standard coro nal section, centered in the ischemic lesion, correspond ing to coronal section, interaural 8.2 mm and bregma -0.8 mm (Paxinos and Watson, 1986) , was selected from each animal.
Tissue volume was measured using an Imagist-2 image analysis system (PST, Princeton, NJ, U.S.A.). Each H&E-stained section was evaluated at x2.5 magnifica tion. The lesion area and the ipsilateral hemisphere area (mm 2 ) were calculated by tracing the areas on the com-puter screen, and the volumes (mm3) were determined by multiplying the appropriate area by the section interval thickness. To avoid errors associated with processing of tissue for histological analysis, the lesion volume size is presented as the percentage of the lesion of the ipsilateral hemisphere.
Values presented in this study are means ± SEM. ADCw and CBP values, for ischemic damaged tissue ver sus homologous contralateral control tissue and for postischemia versus preischemia, were compared at each time point with Student's paired t tests. Because of mul tiple comparisons, an a-level of 0.01 was used to deter mine the significance of each test (O'Brien, 1983) . Addi tionally, repeated measures analyses of variance were performed to test the control and ischemic damaged tis sue values of ADCw and CBP over time. A p value of <0.01 was considered significant and p values between 0.01 and 0.05 were considered to be marginally signifi cant. Two-sample t tests were performed for the compar ison of infarct volumes between the two groups. Differ ences were considered significant at p < 0.05.
RESULTS
Blood gas data (pH, Pe02, Po2) measured 3 h after withdrawal of the suture are presented in Ta ble 1. Figure 2 presents DWI from a representative normothermic and hypothermic animal, obtained at 0. 5 h, 2 h, 2.5 h, 6 h, 2 days, and 1 week after transient MCA occlusion. In the normothermic an imal, hyperintensity is apparent in the DWI of the ipsilateral caudate putamen and parietal and insular cortex within 30 min of the onset of ischemia; image contrast tended to increase as ischemia progressed. Image contrast began to decrease 72 h after with drawal of the suture; however, hyperintensity was apparent in the DWI at 1 week after withdrawal of the suture. In the hypothermic animals, a hyperin tense region located at the ipsilateral caudate puta men and parietal and insular cortex was apparent within 30 min after MCA occlusion. However, the image contrast in hypothermic animals appeared less than that in normothermic animals, and the area of hyperintensity gradually decreased as isch emia progressed and after withdrawal of the suture. The hyperintensity disappeared in all hypothermic animals 1 week after withdrawal of the suture. We did not quantitate the hyperintensities. Figure 3 shows H&E-stained coronal sections from the same animals as in Fig. 2 . Normothermic animals exhibited severe ischemic cell damage and pan-necrosis encompassing areas of the caudate putamen and parietal and insular cortex. The dam aged area in the H&E-stained section from normo thermic animals visually corresponds to the hyper intense area in the DWI obtained immediately be fore withdrawal of the suture. The frontal and cingulate cortex, which is predominantly supplied by the anterior cerebral artery, did not exhibit isch emic damage and did not show hyperintensity on any DWl. In the hypothermic group, animals exhib ited a small region of pan-necrosis and selective neuronal necrosis. The damaged area was located primarily in the caudate putamen. One of seven hy pothermic animals exhibited a small region of pan necrosis with scattered neuronal injury in the pari etal and insular cortex, and the rest of the animals exhibited only selective neuronal damage in the caudate putamen. There was no ischemic damage evident in the frontal and cingulate cortex in hypo thermic animals. The lesion volume was signifi cantly smaller (p < 0. 05) in the hypothermic group (145. 4 ± 16. 7 mm3) than in the normothermic group (83. 2 ± 17. 4 mm3).
J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 Figure 4 shows the temporal profiles of ADC w during ischemia and after withdrawal of the suture in ROIs of the ipsilateral and contralateral hemi spheres in both the normothermic and the hypother mic groups. Under normothermic conditions, ADC w in the ischemic regions declined significantly from both the homologous contralateral and the preischemic values (p < 0. 01) at the first time point measured after onset of ischemia. ADC w remained low until at least 24 h after withdrawal of the suture. The ADC w values in ischemic brain increased to ward contralateral control values between 24 and 48 h. Under hypothermic conditions, ADC w values de creased (p < 0. 01) from normothermic control val ues (37°C) after induction of 30°C whole-body hy pothermia (prior to ischemia; Fig. 4B ). The average decrease in ADC w was 0. 52 x 10-4 mm 2 /s. After onset of ischemia, the ADC w values in the ischemic U ..
U)
. area significantly (p < 0.01) decreased from ADC w values in the preischemic hypothermic ipsilateral and contralateral areas. In the hypothermic ani mals, at the first time point after reperfusion, no significant difference in ADC w between the ipsilat eral and contralateral hemispheres was detected. Significant differences were detected at 1-2 h post reperfusion (p < 0.01). However, the mean values of ADC w in the ischemic damaged region remained below contralateral ADC w values up to and includ ing 24 h of reperfusion. In the hypothermic group, within 4 h after onset of ischemia, the net decrease of ADC w in the ischemic striatum caused by com bined hypothermia and ischemia was similar to that caused by normothermic ischemia (p > 0.05). How ever, the ADC w in the hypothermic group returned toward control values earlier than that in the nor mothermic group. Figure 5 shows the subtraction CBF images ( M"0nt -Atnv ) from a representative hypothermic animal obtained before and during ischemia (0.5 and 2 h) and after withdrawal of the suture (0.5 h, 3 h, 48 h, 72 h and 1 week). The images were processed with a low-pass filter, and for purposes of orienta tion an edge-enhanced outline of the control image is overlaid. The preischemic control CBF image ex- hibited a relatively uniform intensity across the brain. CBF in the ischemic hemisphere declined af ter ischemia in both normothermic and hypothermic animals. Restoration of CBF was evident in all an imals in the hypothermic group immediately after withdrawal of the suture. Figure 6 shows the temporal profiles of relative CBF changes in the ROI (Fig. 1) during ischemia and after withdrawal of the suture in the ipsilateral and contralateral hemispheres in both normother mic (Fig. 6A) and hypothermic (Fig. 6B) groups. Under normothermic conditions, a significant de crease in CBF was found during ischemia in the ischemic lesion (p < 0.001). CBF was significantly reduced below contralateral or preischemic control values up to 1.5 h after reperfusion (p < 0.01), al though the mean CBF increased after withdrawal of the suture. CBF increased toward control values between 24 and 48 h. At the first time point imme diately after reperfusion, CBF did not increase sig nificantly compared with CBF measured immedi ately prior to reperfusion. After inducing hypother mia (prior to ischemia), CBF values decreased (p < 0.01) to 46% of the normothermic control values. Ischemia induced a further decline in CBF values in the ischemic striatum (p < 0.05). CBF values im- mediately after reperfusion increased from CBF values obtained immediately before reperfusion (p < 0. 05) and returned to contralateral or preis chemic hypothermic control values in the ischemic striatum (140% of preischemic hypothermic values). CBF values then remained relatively stable and was not significantly different from the preischemic hypo thermic control value (p > 0.05). During ischemia, no differences in CBF in the ischemic region were detected between normothermic and hypothermic groups (p > 0. 14).
DISCUSSION
Our data indicate that whole-body hypothermia significantly reduced the size and intensity of isch emic cell damage and that this reduction was re flected in a more rapid return of ADC w (cf. normo thermia) during reperfusion. The reasons for the early return in ADC w may be related to the effects of hypothermia on cerebral metabolism and CBF. Allen et aI. (1992) studied the effect of moderate hypothermia (31°C) on forebrain ischemia in gerbil using the hydrogen clearance technique (CBF) and 3 1 p_NMR spectroscopy (energy metabolism). Their data suggest that hypothermia shifts the threshold values of CBF for inducing metabolic dysfunction to lower flow values. Energy metabolism becomes increasingly disturbed at CBF below the threshold CBF value. Thus, the decrease in the area of isch emic cell damage after hypothermic ischemia may be related to a reduction of the threshold CBF value for metabolic dysfunction. Moseley et aI. (1990) re ported a high correlation (,2 = 0. 958) between dys function of brain energy metabolism and the diffu sion-weighted hyperintensity after MCA occlusion in cat. Thus, the early return in ADC w after hypo thermic ischemia may be related to a shift of the threshold CBF value.
Previous studies have indicated that small brain temperature changes critically affect ischemic out come (Busto et aI. , 1987; Chopp et aI., 1989 Chopp et aI., , 1991 . In the present study, we measured rectal tempera ture only. However, brain and rectal temperature changes have been measured before, during, and after MCA occlusion in this model of ischemia un der normothermic and hypothermic conditions and cerebral temperatures in both the ipsilateral and the contralateral hemispheres closely follow rectal tem perature (Chen et aI. , 1992) .
Our data are consistent with a significant reduc tion of ischemic cell damage affected by a hypother mic intervention in this model of MCA occlusion (R. L. Zhang et aI. , 1993; Z. G. Zhang et aI. , 1993) . Under normothermic conditions, 2 h of MCA oc clusion causes an infarct encompassing 35% of the ipsilateral hemisphere, with intense pan-necrosis in the preoptic area and caudate putamen and cortex. Hypothermia (30°C) profoundly reduces ischemic cell damage (20% of the ipsilateral hemisphere). Pan-necrosis within the caudate putamen under normothermic conditions is reduced to selective neuronal necrosis under hypothermic conditions. The hyperintensity seen in spin echo DWI of ischemic tissue can be caused by a combination of time-dependent changes in ADC w , and T 1 and T 2 relaxation times. Hyperintensity of the DWI in it self is not a direct measure of a physiologic param eter. In the present study, calculated values of ADC w were used to study the effects of ischemia to clarify the time course of underlying biophysical al terations in ischemic tissue. In addition, because of technical difficulties of co-registering the histologi cal section with the DWI, we elected not to corre-late hyperintensities in DWI with measured histo logical damage.
The net magnitude of the decrease of ADCw in the striatum is similar between normothermic and hypothermic conditions within 4 h after onset of ischemia. LeBihan et al. (1989b) have shown the reduction of ADCw with temperature in a polymer gel phantom. A significant decrease of ADCw in rat brain after induction of hypothermia was also found in our study. Since the net effect of hypothermia in combination with ischemia is similar to that of isch emia alone, this suggests that the contribution of ischemia to the decline in ADCw is not additive dur ing hypothermia. The reasons for the absence of an additive effect between ischemia and hypothermia are not clear at this time. A decrease in ADCw as a result of hypothermia may be related to changes in restriction abilities of cellular microstructures, like the attraction center; the permeability of cell mem branes; and alterations of the volume distribution between intracellular and extracellular compart ments in the damaged tissue (LeBihan, 1991) . The changes in the diffusion coefficient of biological wa ter in tissue may also be related to the permeability of the cytoplasmic membrane to water and reflect plasma membrane dysfunction (Helpern et al., 1992) . However, there may be a limitation to how far the ADCw can decrease in a morphologically intact cell, and the additive effect of hypothermia cannot decrease ADCw beyond the value found by ischemia. Since the magnitude of the decrease of ADCw is similar between normothermic and hypo thermic conditions, yet hypothermic animals ex hibit far less ischemic cell damage, our data there fore imply that the absolute decline of ADCw in hypothermic condition is not sufficient to predict ischemic cell damage.
Our data show that hypothermia alone causes sig nificant decreases in ADCw and CBF. In phantoms the decline of ADCw with temperature is �2.4%/oC (LeBihan et al., 1989b) . This decline is larger than that observed in our in vivo study (l.5%/°C). The reasons for this difference may relate to the differ ence between in vivo and phantom conditions. In vivo, ADCw values will be altered by temperature effects on membrane function, ion homeostasis, calcium influx into neuronal structures, degradation of membrane lipids, permeability of the blood-brain barrier, restriction abilities of cellular microstruc tures, and the changes in volume between compart ments in the damaged tissue (Norwood and Nor wood, 1982; Krantis, 1983; Rosso and Britt, 1984; Lantos et al., 1986; LeBihan, 1991) , which are ab sent in phantom studies. Reduction of CBF by hy pothermia has been previously reported. In normal monkeys cooled to 29°C, the CBF was reduced by 60-70% (Michenfelder and Milde, 1977) . Rosomoff and Holaday (1954) found that the CBF in the dog varied proportionally with the change in tempera ture, and the average decrease in CBF per degree of temperature between 35 and 25°C was 6.7% of con trol flow. Our data are consistent with these find ings (6.2-9.0% in our study).
Hypothermia may also exert a protective effect on ischemic tissue by improving CBF during acute reperfusion. Our data indicate that CBF in hypo thermic animals recovered immediately after reper fusion, achieving values of 140% of preis chemic hy pothermic values. In contrast, normothermic ani mals exhibited a slower recovery of CBF. At the first time point of reperfusion, CBF was 32% of the preischemic value and remained below both contra lateral and preischemic values until 48 h after reper fusion. Using the e 4 C]iodoantipyrine autoradio graphic technique, Nagasawa and Kogure (1989) found hypoperfusion under normothermic condi tions after I-h ischemia and 2-h reperfusion in the same model of ischemia and in the same ROI as in our study. Hypoperfusion after reperfusion may be caused by plugging of the capillary bed (del Zoppo et al., 1991) . We did not detect acute hyperemia in the striatum immediately after reperfusion, as has been found by other investigators (Levy et al., 1979; Kloiber et al., 1992; Morikawa et al., 1992) . Two types of postischemic reperfusion have been reported: no-reflow and reactive hyperemia fol lowed by secondary (delayed) hypoperfusion. The no-reflow phenomenon was originally described by Ames et al. (1968) and confirmed by others (Gins berg and Myers, 1972; Wade et al., 1975; Lin and Kormano, 1977) and may be caused by erythrocyte stasis, local blood perfusion pressure, and in creased blood viscosity in vessels whose lumina were narrowed due to perivascular glial swelling. Hypoperfusion following a transient reactive hyper emia has also been observed after both focal and global cerebral ischemia (Traupe et al., 1982; Koch et al., 1984; Shigeno et al., 1985; Todd et al., 1986; Hossmann et al., 1973; Hossmann, 1990) . The de termining factors for no-reflow following reperfu sion of an ischemic area are the duration and sever ity of ischemia as well as the anatomical site of ischemia Kowada et al., 1968; Ames, 1975; Little et al., 1975 Little et al., , 1976 Kamijyo et al., 1977; Kagstrom et al., 1983; Hossmann, 1988 Hossmann, , 1990 . In the present study, CBF was monitored in the severely damaged striatum, and therefore the slow restoration of CBF in the striatum may be at tributed to a postischemic no-reflow phenomenon.
These results suggest that the protective effect of hypothermia on ischemic cell damage is reflected in the early return of ADCw during reperfusion and the reduction of ischemic cell damage by hypothermia may be mediated by the improved CBF during acute reperfusion.
